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a b s t r a c t
Self-healing asphalt, aimed to produce a sustainable asphalt pavement using green technology, has been
studied in the past two decades. Technologies including encapsulated rejuvenator and induction heating
have been proposed, demonstrated in the laboratory, and gradually evaluated in field application. This
paper looks into the synergy effect of the above two technologies, where induction heating serves as the
asphalt damage repair mechanism, requiring just 2 min heating time and encapsulated rejuvenator will
replenish (rejuvenate) aged asphalt binder and reinstate bitumen’s healing ability. Moreover, the
increased temperature from induction heating could in turn accelerate the diffusion process of rejuve-
nator into aged bitumen. In this paper, the healing efficiency of the combined healing system was tested
in comparison with autonomous asphalt healing system, induction healing system and capsule healing
system. Porous asphalt concrete with various healing systems were prepared and a laboratory ageing
procedure was followed to simulate the condition when healing was needed (after years of serving). X-
ray computed tomography was employed to visualize the material composition and distribution inside of
each healing systems. The properties of binder extracted from the porous asphalt samples were exam-
ined by dynamic shear rheometer. Indirect tensile strength and indirect tensile stiffness modulus tests
were employed to characterize the mechanical properties of the porous asphalt samples with various
healing systems. Finally, the cracking resistance of these healing systems was investigated by semi-
circular bending test, and the healing efficiency was evaluated using a bending and healing pro-
gramme. The results indicated that the combined healing system, with synergistic effects of aged binder
rejuvenation and crack healing, shows a longer life extension prospect over the other healing systems.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Porous Asphalt Concrete (PAC), with higher than 20% void
content, has been applied in more than 90% of the wearing course
in the Netherlands (Mo, 2010; Swart, 1997). The porous structure of
PAC allows water to drain through efficiently, which brings envi-
ronmental benefits to filtrate the pollutants away and create a
cleaner pavement runoff (Hu et al., 2019; Shirini and Imaninasab,
2016). Besides, PAC significantly reduces the noise pollution
caused by vehicles, as such less psychoacoustic annoyance to
nearby residents, especially in urban area (Can and Aumond, 2018;
Castro et al., 2018).
In the service life of a PAC, the high void content structuremakes
the vehicle loadings more likely to create stress concertation at the
stone-to-stone regions, thus prone to bitumen stripping (Xu et al.,
2019a). Moreover, the larger surface area of PAC provides a higher
chance to contact the oxygen thus suffering more serious ageing
than dense asphalt concrete (Jing, 2019). These negative effects
limit the average service life of PAC to around 11e12 years, thus
more frequent maintenance and reconstruction than other pave-
ment structure (Molenaar et al., 2010; Zhang et al., 2018).
The PAC performance and life span can be improved and pro-
longed by using modified asphalt binder, for example, Ethylene-
Vinyl-Acetate (EVA), Styrene-Butadiene-Styrene (SBS), rubber and
epoxy modified bitumen (Herrington and Alabaster, 2008; Shirini
and Imaninasab, 2016; Voskuilen et al., 2004). However, the
modified asphalt binder could become a problem in recycling
(Copeland, 2011).
As a novel concept, self-healing asphalt aims to produce a sus-
tainable asphalt pavement by using self-healing technology to
stimulate and improve the healing capacity of bituminous mate-
rials, so that damages can be self-repaired which finally prolongs
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the service life of asphalt pavement. The increased sustainability of
asphalt pavement with self-healing technology reduces the main-
tenance works which not only reduces the need of extra resources
(aggregate, bitumen, etc.) but also reduces the emissions of
greenhouse gases into the atmosphere (Jahanbakhsh et al., 2019).
The induction heating and encapsulated rejuvenator are two
major self-healing technologies developed for asphalt concrete and
show significant healing effect in the laboratory and are gradually
demonstrated in the field application with time (Ayar et al., 2016;
Hager et al., 2010; Sun et al., 2018; Tabakovic and Schlangen, 2015;
Xu et al., 2018a).
The induction heatingmethod achieves crack healing by heating
up asphalt concrete with induction energy (Liu et al., 2011). To start
the healing process, the alternating electromagnetic field generated
by the upper induction coil induces flowing current inside the
asphalt concrete with conductive particles, thus heating up the
asphalt concrete, melting the asphalt mastic and finally healing the
crack (García et al., 2011b; Norambuena-Contreras and Garcia,
2016). The advantages of induction heating methods include effi-
cient asphalt cracking healing and the healing can be repeated.
However, an increased temperature from induction heating could
also accelerate the asphalt ageing (Xu et al., 2018b). Moreover, the
induction healing effect on aged asphalt concrete is reduced as the
stiffer binder requires higher temperature to flow (Gomez-Meijide
et al., 2018; Xiao et al., 2019; Xu et al., 2018b; Zhang et al., 2012).
Application of encapsulated rejuvenator in asphalt concrete is
another promising method to extend its service life (Xu et al.,
2018a). The healing mechanism of the encapsulated rejuvenator
lies in the aged binder rejuvenation with the released rejuvenator.
This healing system is activated when crack initiates and propa-
gates through the capsule/fibre to trigger the release of rejuvenator,
thus the rejuvenator diffuses into the crack surface and softens the
aged binder. In this way the crack can be healed with the flow of
asphalt mastic (Xiao et al., 2017; Xu et al., 2018c). Till now, variety of
encapsulating technics have been developed, for example,
Melamine-formaldehyde capsules (Su et al., 2013), epoxy capsules
(García et al., 2011a), alginate fibres (Tabakovic et al., 2016), alginate
capsules (Xu et al., 2017), etc. Alginate, as a bio-material origin from
the algae biomass, shows significant environmental and economic
advantages in using as a cleaner encapsulation material in self-
healing asphalt (Al-Mansoori et al., 2017; Micaelo et al., 2016;
Shu et al., 2018; Tabakovic et al., 2017; Xu et al., 2019b). The healing
effect of the calcium alginate capsules developed by Xu has been
demonstrated in asphalt mortar, mastic and porous asphalt con-
crete (Xu et al., 2018c, 2019a, 2019b). However, the damage healing
efficiency of the encapsulated rejuvenator method is very limited
and this healing cannot be repeated (Xu et al., 2019a).
Based on the existing findings, the authors noticed that the in-
duction heating and encapsulated rejuvenator are very comple-
mentary in healing mechanism (Xu et al., 2018a). Fig. 1 shows that
the combination of these two technologies could produce some
positive synergistic effects:
I. Increased temperature from induction heating improves the
diffusion coefficient of asphalt rejuvenator, thus the healing
effect from encapsulated rejuvenator is improved;
II. Rejuvenation with encapsulated rejuvenator softens the
aged binder which in turn improves the induction healing
effect;
III. Efficient crack healing from induction heating together with
aged material rejuvenation from encapsulated rejuvenator
result in a more comprehensive and prospective self-healing
asphalt.
Hence, the concept of the combined healing system,
incorporating the advantages from both induction heating and
encapsulated rejuvenator, is expected to achieve an enhanced
healing in asphalt concrete.
In PAC, more than 90% of the distress initiates from the micro-
crack in asphalt mastic, which means, majority of the damage in
PAC can be healed with self-healing technologies.
In this paper, a novel combined asphalt self-healing system is
developed, in which the induction heating will heal the asphalt
damage, i.e. cracking, and rejuvenation to rejuvenate the aged
binder. The process will involve the insertion of bothmicrocapsules
encapsulating rejuvenator and steel fibres into the PAC mix. Since
the healing effect of asphalt healing systems could be affected by
the asphalt ageing (Xu et al., 2018b), a laboratory ageing process
was performed to simulate the field ageing effect on PAC, and the
ageing effect was evaluated by dynamic shear rheometer (DSR) on
the extracted binder from PAC sample. After that, mechanical
property and healing efficiency were evaluated and the results
were compared with the induction healing system and the capsule
healing system. The researchmethodology of this paper is shown in
Fig. 2.
2. Materials and experimental method
2.1. Capsules, steel fibres and porous asphalt mixture design
The materials used to build the self-healing systems in PAC are
shown in Fig. 3, including steel fibres and calcium alginate capsules.
Aimed to improve the conductivity of PAC to achieve induction
healing, the steel fibres were used in induction healing system and
combined healing system. The steel fibres with the density of 7.6 g/
cm3, an average length of 1.4 mm, the diameter of 40 mm and the
resistivity of 7  107 U cm were provided by Heijmans Infra BV,
Rosmalen, Netherlands.
The calcium alginate capsules encapsulating rejuvenator
developed by Xu (Xu et al., 2017) were used in the capsule healing
system and the combined healing system. Calcium alginate was
used as the shell material, and an industrial rejuvenator named R20
provided by Latexfalt B.V., Koudekerk aan den Rijn, Netherlands,
was used as the encapsulated healing agent. The manufacture de-
tails of these calcium alginate capsules can be found in the previous
study (Xu et al., 2018c). The encapsulated rejuvenator in the cal-
cium alginate capsules were designed to release upon cracking in
order to achieve localized crack healing on demand.
The PA mix was designed following the Netherlands porous
asphalt standard PA 0/11. In total four types of asphalt mix with
different healing systems were studied, including capsule healing
system, induction healing system, combined healing system and a
reference mix without healing system. Table 1 summarises the mix
composition of the PA with different healing system. In induction
healing system and combined healing system, steel fibres were
added as 6% extra volume of bitumen. In capsule healing system
and combined healing system, calcium alginate capsules were
added to replace 7% the volume of bitumen. A Phoenix Nano CT
scanner at a resolution of 20 mm was used to visualize the capsule
and/or Fibre distribution in asphalt concrete samples with various
healing systems.
2.2. Experimental methods
2.2.1. Slab production and laboratory ageing
The PA mix with different healing systems was mixed and
compacted into asphalt slabs (Fig. 4a and b). In total four slabs were
manufactured, including capsule healing slab, induction healing
slab, combined healing slab and the reference slab. After mixing
and compaction, all these slabs were kept in a mould and cured in a
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ventilated oven at 135 C for 4 h and then another 96 h under 85 C
(Fig. 4c), to simulate the ageing effect in the field (Tabakovic et al.,
2016; Xu et al., 2018b).
2.2.2. Dynamic shear rheometer
Asphalt ageing results in a change of the rheological properties
of bitumen by increasing its complex modulus and decreasing its
phase angle, and this change can be investigated using dynamic
shear rheometer (Behera et al., 2013; Van den Bergh, 2011). A dy-
namic mechanical analyser made from Anton Paar was used to
study the rheological properties of bitumen samples extracted us-
ing Dichloromethane (Jing, 2019). In order to evaluate the ageing
level of the lab aged PAC, before and after lab ageing, bitumen was
extracted from the mixture in reference slab (without healing
system).
The frequency sweep tests were performed at the temperature
of 0, 10, 20, 30 and 40 C using a range of frequency sweep from
0.01 Hz to 50 Hz. Finally, the master curves of complex shear
modulus (G*) and phase angle (d) were generated at the reference
temperature of 20 C based on the Time-Temperature Super-
position principle.
2.2.3. CT-scan
A Phoenix Nanotom CT scanner was used to visualize the dis-
tribution of capsules and/or fibres in porous asphalt samples with
various healing systems. In a CT-scan image slide, the individual
phases containing different brightness intensities which refers to
its density. As a result, in the CT-scan image of a PA sample, com-
positions including air voids, capsules, asphalt mastic, aggregates
and steel fibres are expected to present in an increased brightness.
With this method, the potential healing mechanism of all
healing systems could be indicated, which also help the illustration
Fig. 1. Crack healing mechanism of the combined healing system.
Fig. 2. The research methodology of the evaluation of different healing systems in PAC.
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of the healing efficiency of various healing systems. A resolution of
20 mmwas used to fit the lateral dimension of the scanned sample.
2.2.4. Indirect tensile test
The indirect tensile test (ITT) was employed to investigate the
mechanical properties of asphalt concrete with different
composition. Cylinder samples with a diameter of 100 mm and
height of 50 mm drilled from the prepared slabs were tested with
both non-destructive indirect tensile stiffness test (2018) and
destructive indirect tensile strength test (2017). The indirect tensile
stiffness modulus (ITSM) and indirect tensile strength (ITS) could
be calculated using the following equations:
Fig. 3. Steel fibres and calcium alginate capsules used in self-healing porous asphalt concrete.
Table 1
The mix composition of PAC.
Mix Constituent % Content in Mix
Capsule healing system Induction healing system Combined healing system Reference
16 mm 8.14 7.97 8.00 8.14
11.2 mm 63.28 62.00 62.21 63.31
8 mm 8.14 7.97 8.00 8.14
5.6 mm 1.82 1.78 1.79 1.82
2 mm 6.61 6.47 6.49 6.61
500 mm 2.11 2.06 2.07 2.11
180 mm 0.67 0.66 0.66 0.67
125 mm 0.67 0.66 0.66 0.67
63 mm 4.31 4.22 4.23 4.31
Bitumen(70/100) 3.92 4.32 3.85 4.21
Capsules 0.34 e 0.34 e
Steel Fibres e 1.88 1.70 e
Fig. 4. Preparation PAC slabs: (a) mixing, (b) compaction and (c) ageing.
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ITSM ¼ Fðvþ 0:27Þ
Zt
Where
ITSM is the indirect tensile stiffness modulus (MPa);
F is the maximum vertical load (N);
v is the Poisson’s ratio;
Z is the amplitude of the horizontal deformation during the load
cycle (mm).





ITS is the indirect tensile strength (kPa);
P is the peak load (N);
D is the diameter of specimen (mm);
H is the height of specimen (mm).
In this paper, the indirect tensile stiffness modulus tests were
performed by a universal testing machine (UTM) at 20 C at four
different frequencies (8 Hz, 4 Hz, 2 Hz and 1 Hz). The Poisson’s ratio
of 0.22 was assumed for this porous asphalt concrete. The indirect
tensile strength tests were performed by UTM at 5 Cwith a loading
speed of 0.85 mm/s.
2.2.5. Semi-circular bend
AUTMwith temperature chamber was employed to perform the
SCB tests according to NEN-EN 12697e44:2019 (2019). As shown in
Fig. 5, the SCB samples were prepared with a diameter of
100 ± 2 mm, a thickness of 50 ± 1 mm and a radius of 50 ± 1 mm. A
notch was placed in the middle of each sample with a length of
10 ± 0.2 mm and a width of 3 ± 0.1 mm. The tests were performed
at 0 C with a loading speed of 5 mm/min.
The maximum stress at failure and the fracture toughness were
calculated with the following equations:
smax ¼ FmaxDt
Where
smax is the maximum stress at failure (N/mm2);
Fmax is the maximum force of specimen (N);


















KIc is the fracture toughness (N/mm
1.5)
YIcð0:8Þ is the stress intensity factor;
a is the notch depth of specimen (mm);
r is the radius of the specimen (mm).
2.2.6. Healing procedure and evaluation
After a SCB test, a specific healing procedure was performed on
the fractured samples according to its build-in healing system:
I. For the systems with steel fibres, including the induction
healing system and the combined healing system, induction heal-
ing was applied on both sides of the samples to achieve a homo-
geneous temperature distribution throughout the sample (Xu et al.,
2018b) and then followed by a 20 h period conditioned in tem-
perature chamber at 20 C;
II. For the systems without steel fibres, including the capsule
healing system and the reference, the samples were only condi-
tioned in temperature chamber at 20 C for 20 h.
A SCB bending and healing programme was developed to
evaluate the healing efficiency of the samples with various healing
systems.
 First, the initial maximum stress at failure was measured by the
first SCB test;
 Second, a healing procedure (I or II) was applied depending on
the build-in healing system;
 Then, another SCB test was performed to acquire the maximum
stress which indicates the regained strength from healing
period.
 Afterwards, step 2 to 3 were repeated as a healing cycle. The
bending and healing programme stopped until the testing
sample reached 7 testing cycles or the peak load is below 200 N.
The healing efficiency of the testing sample was determined
using healing index(HI), which was calculated with the maximum





Fig. 5. SCB sample dimensions and testing condition.
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HI is the healing index (%),
C1 is the initial maximum stress at failure;
Cx is the maximum stress measured from the x testing cycles.
3. Results and discussion
3.1. Dynamic shear rheology test
The rheological properties of asphalt binder are related to its
ageing level. As such, DSR tests were performed on the asphalt
binder samples extracted from the Reference porous asphalt (PA)
mixture before and after oven ageing. The master curves of com-
plexmodulus and phase angle generated from the frequency sweep
results are shown in Fig. 6, inwhich the standard laboratory Rolling
Thin-Film Oven (RTFO) and Pressure Aging Vessel (PAV) aged 70/
100 bitumen are plotted as references. Fig. 6a shows that after
ageing, the complex modulus of asphalt binder increased
significantly and the increasing amplitude is very similar to the
differences in reference curves, which indicates that the ageing
procedure used in this paper could accelerate the ageing effect of
the PA mixture which is similar to the standard RTFO and PAV
ageing process. In Fig. 6b, the phase angle results show that the
ageing procedure reduces the phase angle of the asphalt binder in
PA and the reducing amplitude is similar to the standard RTFO and
PAV ageing effect. As a result, all the healing systems studied are
evaluated based on an aged asphalt mix whose ageing level sim-
ulates 5e10 years field ageing as stated in NEN-EN 14769 (2012).
3.2. CT-scan
Fig. 7 shows the CT-scan image slides of PAC sample with three
different healing systems. In the capsule healing system (Fig. 7a),
calcium alginate capsules are found in dark spherical phase which
are randomly distributed and attached with asphalt mastic. As a
result, the releasing of rejuvenator from the capsules can easily
reach the aged asphalt binder (prone to cracking) to achieve
localized binder rejuvenation and eventually crack healing.
In the induction healing system (Fig. 7b), the steel fibres can be
found as bright spots within the asphalt mastic area. This fibre
distribution allows the induction heat being generated from the
asphalt mastic so that cracks happened in asphalt mastic could be
healed. In the combined healing system (Fig. 7c), the presences of
both capsules and steel fibres are found and their distributions
follow the same principles as the individual healing systems. It is
noticed that steel fibres can always be found in themastic area near
the capsules, so that the potential synergistic effects from capsule
healing system and induction healing system are expected during
the healing action.
3.3. ITT
The indirect tensile stiffness modulus of the cylinder PA samples
with different compositions (healing systems) is presented in Fig. 8.
Among all four types of asphalt mix, the reference mix shows the
lowest stiffness modulus at all loading frequencies, which means
the incorporation of a healing system such as calcium alginate
capsules and/or steel fibres results in an enhancing effect to make
the PA stiffer. These results agree with the conclusions of some
existing researches (Quantao, 2012; Xu et al., 2019a). Moreover, PA
samples incorporated with the combined healing system have the
highest stiffness modulus which means the reinforcing effect from
calcium alginate capsules and steel fibres can also be combined. The
results also indicate that the reinforcing effect from steel fibres is
more significant than the calcium alginate capsules as the samples
with induction healing system always have a higher stiffness
modulus than the capsule healing system.
As shown in Fig. 9, the indirect tensile strength results show a
similar trend as the ITSM results, in which the combined healing
system has the highest strength and all healing systems are
stronger than the reference mix. However, the improvement of the
indirect tensile strength from the capsule healing system, the in-
duction healing system and the combined healing system is 0.22%,
4.78% and 9.68%, respectively. The results indicate that the contri-
bution from the healing systems to the ITS is not that significant
compares to ITSM.
3.4. SCB bending and healing test
The SCB tests were employed to simulate the crack propagation
in asphalt concrete and the acquired fracture toughness was used to
evaluate the fracture resistance of the asphalt concrete samples.
Fig. 10 shows the fracture toughness of PA samples with variousFig. 6. The master curves: (a) complex shear modulus and (b) phase angle.
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healing systems measured during the SCB bending and healing
cycles.
In the first cycle, the induction healing system and the combined
healing system showed higher fracture toughness than the capsule
healing system and the reference group, which means the addition
of steel fibres slightly improves the initial fracture resistance of the
PA samples. After the first healing process, the fractured samples
with induction healing system and combined healing system were
able to regain a fracture toughness around 15 N/mm1.5, while the
fracture toughness of capsule healing system and the reference
group were less than 4 N/mm1.5.
The capsule healing system and the reference group could not
be healed after the third bending cycle, but the fracture toughness
recovery in the capsule healing system was higher than the refer-
ence group, due to the healing effect from the rejuvenator released
from the capsules. As the bending and healing cycles reached the
seventh cycle, the induction healing system and the combined
healing system continued to demonstrate an effective healing, and
as such test samples are manging to reach a fracture toughness
greater than 6 N/mm1.5.
Fig. 11 shows the calculated healing index based on the
maximum stress at failure. In the first five bending and healing
cycles, the induction healing system showed a similar healing index
Fig. 7. CT-scan images of porous asphalt concrete with various healing systems: (a) capsule healing system, (b) induction healing system and (c) combined healing system.
Fig. 8. Indirect tensile stiffness modulus of PA with various healing systems.
Fig. 9. Indirect tensile strength of PA with various healing systems.
Fig. 10. The fracture toughness of various healing systems.
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to the combined healing system. Beyond five cycles, a significant
decreasing trend in healing index could be found in the induction
healing system, while the combined healing system still continued
a stable trend of healing and did not show decrease of the healing
index as observed in the induction healing system. Induction
heating is a very efficient crack healing method in PAC, however its
healing ability is reduced with each healing event, and this
reduction is evenmore significant when performed on aged asphalt
(Xu et al., 2018b). At the fifth bending and healing cycle, accumu-
lated permanent deformation on fracture faces made the induction
healing less effective. However, the capsules in the combined
healing system which release the rejuvenator, wet the fracture
surface and soften the aged binder, thus promoting the induction
healing effect on fractured samples and finally results in a higher
healing index than the induction healing system in the last two
cycles.
The SCB bending and healing results indicates that, with more
effective and efficient healing in asphalt concrete, the induction
healing technology showed a significant advantage over the
capsule healing technology. Although the induction healing can be
repeated, the healing efficiency is limited due to the asphalt ageing
effect which allows an asphalt concrete gradually lose its intrinsic
healing capacity, as such a higher temperature is needed from in-
duction heating to heal the crack.
In general, incorporation of combined self-healing system
(capsules and induction) into the PAC could achieve both effective
crack healing and aged material rejuvenation, thus a more stable
and durable healing effect in asphalt concrete.
4. Conclusions
This study proposed the concept of the combined healing sys-
tem which incorporates both induction healing and capsule heal-
ing. The healing effects of various healing systems have been
investigated and the advantages of the combined healing system
have been demonstrated. The following conclusions can be drawn:
 The CT-scan images show that the capsules and steel fibres can
be randomly distributed in the porous asphalt concrete and
contacted to asphalt mastic, this distribution allows both heal-
ing systems to function.
 The capsule healing system improves the healing capacity of
asphalt during the porous asphalt SCB bending and healing
cycles, but this healing effect is limited as it lasts only three
cycles;
 The combined healing system shows its significant advantage
over capsule healing system. Compares to the induction healing
system, although their healing efficiency is very similar in the
first 5 cycles, the induction healing effect is largely reduced after
that and it might because of asphalt ageing.
Fig. 11. The healing index of various healing systems.
Fig. 12. Life extension prospects in PAC with various healing systems: Capsule healing system, induction healing system and the combined healing system.
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 Finally, the combined healing system is able to achieve both
effective crack healing and aged binder rejuvenation which
contributes to more durable healing in porous asphalt concrete.
5. Recommendations
Based on the research findings presented in this paper, the life-
extension prospects of PAC with various healing systems are pre-
sented in Fig. 12. Fig. 12 shows that a PAC incorporated with capsule
healing systemwould have an increased life span than the standard
PAC, which is because of the improved crack healing effect from
aged binder rejuvenation. Compared to the capsule healing system,
the induction healing system has a more significant crack healing
effect in PAC so that the life span of PAC could be further extended.
However, for the combined healing system, the comprehensive
healing effect lies in not only the advantages of both encapsulated
rejuvenator and induction heating, but also the synergistic effects
which promote each individual mechanism, namely accelerated
rejuvenator diffusion (with induction heating) and improved in-
duction healing (with asphalt binder rejuvenation). As such, the
combined healing system shows the longest PAC life extension
prospect among the three healing systems. Following this conclu-
sion, the authors would recommend the multi-healing method
which include mechanical property recovery and aged material
rejuvenation as a research focus for the future development of self-
healing technology in asphalt pavement. Optimization of the
combined healing system will be conducted as an extension
research of this paper.
Declaration of competing interest
The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.
CRediT authorship contribution statement
S. Xu: Investigation, Methodology, Data curation, Writing -
original draft. X. Liu: Supervision, Writing - review & editing. A.
Tabakovic: Supervision, Writing - review & editing. E. Schlangen:
Conceptualization, Resources, Supervision, Writing - review &
editing.
Acknowledgement
The authors would like to acknowledge the scholarship from the
China Scholarship Council (No. 201506950066). Support from
Heijmans and Latexfalt BV are greatly appreciated. The authors also
wish to thank the technicians from Microlab and the section of
pavement engineering of TUDelft for their help to the project.
References
2012. Bitumen and Bituminous Binders - Accelerated Long-Term Ageing Condi-
tioning by a Pressure Ageing Vessel (PAV). EUROPEAN COMMITTEE FOR
STANDARDIZATION, Brussels.
2017. Bituminous Mixtures - Test Methods - Part 23: Determination of the Indirect
Tensile Strength of Bituminous Specimens. EUROPEAN COMMITTEE FOR
STANDARDIZATION, Brussels.
2018. Bituminous Mixtures - Test Methods - Part 26: Stiffness EUROPEAN COM-
MITTEE FOR STANDARDIZATION, Brussels.
2019. Bituminous Mixtures - Test Methods - Part 44: Crack Propagation by Semi-
circular Bending Test. EUROPEAN COMMITTEE FOR STANDARDIZATION,
Brussels.
Al-Mansoori, T., Micaelo, R., Artamendi, I., Norambuena-Contreras, J., Garcia, A.,
2017. Microcapsules for self-healing of asphalt mixture without compromising
mechanical performance. Construct. Build. Mater. 155, 1091e1100.
Ayar, P., Moreno-Navarro, F., Rubio-Gamez, M.C., 2016. The healing capability of
asphalt pavements: a state of the art review. J. Clean. Prod. 113, 28e40.
Behera, P.K., Singh, A., Amaranatha Reddy, M., 2013. An alternative method for
short-and long-term ageing for bitumen binders. Road Mater. Pavement Des. 14,
445e457.
Can, A., Aumond, P., 2018. Estimation of road traffic noise emissions: the influence
of speed and acceleration. Transport. Res. Transport Environ. 58, 155e171.
Castro, F.L., Brambilla, G., Iarossi, S., Fredianelli, L., 2018. The LIFE NEREiDE Project:
Psychoacoustic Parameters and Annoyance of Road Traffic Noise in an Urban
Area.
Copeland, A., 2011. Reclaimed Asphalt Pavement in Asphalt Mixtures: State of the
Practice.
García, A., Schlangen, E., Van de Ven, M., 2011a. Properties of capsules containing
rejuvenators for their use in asphalt concrete. Fuel 90, 583e591.
García, A., Schlangen, E., van de Ven, M., van Vliet, D., 2011b. Induction heating of
mastic containing conductive fibers and fillers. Mater. Struct. 44, 499e508.
Gomez-Meijide, B., Ajam, H., Lastra-Gonzalez, P., Garcia, A., 2018. Effect of ageing
and RAP content on the induction healing properties of asphalt mixtures.
Construct. Build. Mater. 179, 468e476.
Hager, M.D., Greil, P., Leyens, C., van der Zwaag, S., Schubert, U.S., 2010. Self-healing
materials. Adv. Mater. 22, 5424e5430.
Herrington, P., Alabaster, D., 2008. Epoxy modified open-graded porous asphalt.
Road Mater. Pavement Des. 9, 481e498.
Hu, X., Dai, K., Pan, P., 2019. Investigation of engineering properties and filtration
characteristics of porous asphalt concrete containing activated carbon. J. Clean.
Prod. 209, 1484e1493.
Jahanbakhsh, H., Karimi, M.M., Naseri, H., Nejad, F.M., 2019. Sustainable asphalt
concrete containing high reclaimed asphalt pavements and recycling agents:
performance assessment, cost analysis, and environmental impact. J. Clean.
Prod. 118837.
Jing, R., 2019. Ageing of Bituminous Materials: Experimental and Numerical Char-
acterization. Delft University of Technology.
Liu, Q., García, A., Schlangen, E., van de Ven, M., 2011. Induction healing of asphalt
mastic and porous asphalt concrete. Construct. Build. Mater. 25, 3746e3752.
Micaelo, R., Al-Mansoori, T., Garcia, A., 2016. Study of the mechanical properties and
self-healing ability of asphalt mixture containing calcium-alginate capsules.
Construct. Build. Mater. 123, 734e744.
Mo, L., 2010. Damage Development in the Adhesive Zone and Mortar of Porous
Asphalt Concrete.
Molenaar, A., Hagos, E., Van de Ven, M., 2010. Effects of aging on the mechanical
characteristics of bituminous binders in PAC. J. Mater. Civ. Eng. 22, 779e787.
Norambuena-Contreras, J., Garcia, A., 2016. Self-healing of asphalt mixture by mi-
crowave and induction heating. Mater. Des. 106, 404e414.
Quantao, L., 2012. Induction Healing of Porous Asphalt Concrete. Wuhan University
of Technology, PR China.
Shirini, B., Imaninasab, R., 2016. Performance evaluation of rubberized and SBS
modified porous asphalt mixtures. Construct. Build. Mater. 107, 165e171.
Shu, B., Zhang, L., Wu, S., Dong, L., Liu, Q., Wang, Q., 2018. Synthesis and charac-
terization of compartmented Ca-alginate/silica self-healing fibers containing
bituminous rejuvenator. Construct. Build. Mater. 190, 623e631.
Su, J.-F., Qiu, J., Schlangen, E., 2013. Stability investigation of self-healing micro-
capsules containing rejuvenator for bitumen. Polym. Degrad. Stabil. 98,
1205e1215.
Sun, D., Sun, G., Zhu, X., Guarin, A., Li, B., Dai, Z., Ling, J., 2018. A comprehensive
review on self-healing of asphalt materials: mechanism, model, characteriza-
tion and enhancement. Adv. Colloid Interface Sci. 256, 65e93.
Swart, J., 1997. Experiences with porous asphalt in The Netherlands. Ministry of
transportation, public works and water management. In: Proceedings of the
European Conference on Porous Asphalt. Avon Books, Madrid, Spain, New York.
Tabakovic, A., Post, W., Cantero, D., Copuroglu, O., Garcia, S., Schlangen, E., 2016. The
reinforcement and healing of asphalt mastic mixtures by rejuvenator encap-
sulation in alginate compartmented fibres. Smart Mater. Struct. 25, 084003.
Tabakovic, A., Schlangen, E., 2015. Self-healing Technology for Asphalt Pavements,
Self-Healing Materials. Springer, pp. 285e306.
Tabakovic, A., Schuyffel, L., Karac, A., Schlangen, E., 2017. An evaluation of the ef-
ficiency of compartmented alginate fibres encapsulating a rejuvenator as an
asphalt pavement healing system. Appl. Sci. 7, 647.
Van den Bergh, W., 2011. The Effect of Ageing on the Fatigue and Healing Properties
of Bituminous Mortars.
Voskuilen, J., Tolman, F., Rutten, E., 2004. Do modified porous asphalt mixtures have
a longer service life?. In: Proceedings of the 3rd Eurasphalt and Eurobitume
Congress Held Vienna, May 2004.
Xiao, F., Su, N., Yao, S., Amirkhanian, S., Wang, J., 2019. Performance grades, envi-
ronmental and economic investigations of reclaimed asphalt pavement mate-
rials. J. Clean. Prod. 211, 1299e1312.
Xiao, Y., Li, C., Wan, M., Zhou, X., Wang, Y., Wu, S., 2017. Study of the diffusion of
rejuvenators and its effect on aged bitumen binder. Appl. Sci. 7, 397.
Xu, S., García, A., Su, J., Liu, Q., Tabakovic, A., Schlangen, E., 2018a. Self-healing
asphalt review: from idea to practice. Adv. Mater. Interfaces 1800536.
Xu, S., Liu, X., Tabakovic, A., Schlangen, E., 2018b. The influence of asphalt ageing on
induction healing effect on porous asphalt concrete. RILEM Tech. Lett. 3,
98e103.
Xu, S., Liu, X., Tabakovic, A., Schlangen, E., 2019a. Investigation of the potential use
of calcium alginate capsules for self-healing in porous asphalt concrete. Mate-
rials 12, 168.
S. Xu et al. / Journal of Cleaner Production 259 (2020) 120815 9
Xu, S., Tabakovic, A., Liu, X., Palin, D., Schlangen, E., 2019b. Optimization of the
calcium alginate capsules for self-healing asphalt. Appl. Sci. 9, 468.
Xu, S., Tabakovic, A., Liu, X., Schlangen, E., 2017. Preparation of calcium alginate
capsules and the application in asphalt mastic. In: 6th International Conference
on Self-Healing Materials, Friedrichshafen, Germany.
Xu, S., Tabakovic, A., Liu, X., Schlangen, E., 2018c. Calcium alginate capsules
encapsulating rejuvenator as healing system for asphalt mastic. Construct.
Build. Mater. 169, 379e387.
Zhang, H., Li, H., Zhang, Y., Wang, D., Harvey, J., Wang, H., 2018. Performance
enhancement of porous asphalt pavement using red mud as alternative filler.
Construct. Build. Mater. 160, 707e713.
Zhang, H., Yu, J., Feng, Z., Xue, L., Wu, S., 2012. Effect of aging on the morphology of
bitumen by atomic force microscopy. J. Microsc. 246, 11e19.
S. Xu et al. / Journal of Cleaner Production 259 (2020) 12081510
